Electrochemical decolourization of azo dye Reactive Black 5 (RB5) was studied using Ti, graphite, and polypyrrole coated Ti (PPy-SLS-Ti) and graphite (PPy-SLS-G) anodes in the presence of sodium chloride as an electrolyte to investigate the effect of polypyrrol coating. The colour removal efficiencies were 52.6 %, 96.3 %, 51.6 %, and 41.0 
Introduction
Dye wastewater is an environmental concern due to its huge quantity, variable nature, low biodegradability, chemical composition, and toxicity to aquatic life [1] . In the textile industry, 60 % of the dyes used are azo dyes, in which the azo (-N=N-) group is connected to an aromatic compounds forming a chromophoric group responsible to impart a characteristic colour to the dye. Reactive dyes are widely used due to their relatively easy application in the dyeing process [2] . For the removal of dyes from wastewater, different techniques such as chemical precipitation, chemical oxidation, adsorption, and biological processes have been developed [3] . The electrochemical technologies (electrochemical oxidation (EO), electrochemical reduction (ER), electrocoagulation (EC), indirect electrooxidation with strong oxidants, and emerging photoassisted electrochemical treatments for treating dye wastewaters have been proposed [4] . The application of these technologies is benefiting from advantages such as versatility, environmental compatibility, and potential cost effectiveness. For electrochemical treatment of industrial wastewaters, direct and indirect EO processes are widely used. In a direct EO process, pollutants are first absorbed on the anode surface and then destroyed by the electron transfer reaction. Different anode materials, such as dimensionally stable anodes, noble metals, carbon-based anodes, metal oxides, and boron-doped diamond electrodes have been explored for degradation of dyes. In an indirect EO process, strong oxidants, such as ozone, chlorine, hypochlorite, and hydroxyl free radicals are generated electrochemically which, in turn, destroy the pollutants by the oxidation reactions. All of the oxidants are generated in situ and are utilized immediately [5] [6] [7] .
Graphite and metal oxide coated Ti electrodes have been shown to be able to decolourize various dyes [8] [9] [10] [11] . Metal oxides can be coated directly on a substrate or through a conducting polymer already coated on the anode surface. Conducting polymers are permeable to electroactive species and they are easy to coat on various substrates. Conducting polymers with porous structures and high surface areas, such as polyaniline and polypyrole, are usually employed as matrix to incorporate noble metal catalysts for the electro-oxidation of small molecules such as hydrogen, methanol and formic acid [12, 13] .
Polypyrrole (PPy) is a conducting polymer and can be formed chemically or electrochemically through oxidative polymerization of pyrrole, the final form of PPy is a long conjugated backbone as shown in Figure 1 . Electrochemical synthesis is the most common method as it is simpler, quick and perfectly controllable [10] . The electrical and physical properties of the polymeric films are considerably influenced by the conditions under which they are prepared, such as the electrochemical method of polymerization, concentration of monomer and doping agent and other synthesis conditions. In its neutral state the polymer is not conducting and only becomes conducting when it is oxidized and have a conductivity of 10 -3 to 10 2 (Ω cm) -1 [14] [15] [16] . Use of electrodes coated with metal-nanoparticlesincorporated PPy as cathodes for electrochemical reduction (ER) reactions have been reported. For example, Sun et al. [17] demonstrated use of Pd-PPy-CTAB-Ni foam cathode in a divided cell for ER of 2,4-dichlorophenol (2 4-DCP). 2,4-DCP was dechlorinated to phenol and the cathode could be reused for 10 dechlorination cycles. Similarly, ER of nitrate and nitrite on PPy-Cu cathode in a divided cell is reported by Nguyen et al. [18] . However, behaviour of PPy coated electrodes as anode has not been studied to the best of our knowledge. The main aim of the present study was to compare the performance of Ti, Graphite, and PPy coated Ti (PPy-SLS-Ti) and graphite (PPy-SLS-G) as anodes for electrochemical decolourization of RB5 in an undivided cell to investigate the influence of PPy film on the extent and mode of decolourization.
Materials and Methods

Chemicals
Experimental chemicals including sulphuric acid (H2SO4, 98 %), sodium lauryl sulphate (SLS, NaC12H25SO4), sodium carbonate (Na2CO3), sodium sulphate (Na2SO4), sodium chloride (NaCl), and oxalic acid (H2C2O4 x 2H2O) were of analytical standard and supplied by S D Fine Chem Ltd., Mumbai. Pyrrole (C4H5N) was obtained from Spectrochem Pvt. Ltd. Ahmedabad. Titanium material grade 2 (300×450×0.5 mm) was supplied by Shree Ambe Engineering, Vadodara. In all the experiments, the size of anodes (Ti, graphite, PPy-SLS-Ti, or PPy-SLS-G) was 4×3 cm. Two stainless steel (SS) plates of the same size were used as cathodes. Reactive Black 5 (RB5) dye was supplied by a local dye industry. It was used without further purification. All solutions were prepared using distilled water. Some common information about RB5 is given in Table 1 . A calibration plot of absorbance at 595 nm versus various RB5 concentrations was constructed and found to be linear within the concentration range of interest with R 2 value of 0.9985.
Preparation of PPy-coated Ti and graphite electrodes
Before PPy coating, Ti plate was pre-treated first. Ti plate was placed in 0.3 mol L -1 Na2CO3 solution at 90 o C for 30 min to remove surface grease. Then it was placed in 0.1 mol L -1 boiling oxalic acid for 30 min to remove surface oxides. Finally, it was rinsed thoroughly with distilled water and soaked in ethanol for later use. During electropolymerization of PPy-SLS composite film, the Ti plate was used as anode, and the SS plate was used as cathode. PPy-SLS film was formed on the surface of Ti plate by electrodepositing in a 250 mL mixed solution containing 0.3 mol L -1 H2SO4, 0.1 mol L -1 distilled pyrrole (Py), and 1.0 g L -1 SLS for 45 min with the electrodeposition current of 60 mA. The mixed solution was deoxygenated by Ar for 5 min before the commencement of electrodeposition. PPy-SLS/graphite plate was prepared similarly by taking graphite plate which was polished by using sand paper and washed with distilled water prior to polymerization. Figure 2 shows the Ti plate before and after electro-polymerization of pyrrol. (1)
where, c0 = absorbance at time t0, c= absorbance at time t.
Analytical methods
UV/Vis spectra of the collected samples were recorded in the 200 -800 nm range using a Cary 60 UV/Vis spectrophotometer, purchased from Agilent Technologies. The scanning electron microscopy SEM (Philips ESEM EDAX XL-30) was used to examine the surface morphology of the Ppy coated Ti plate. The plate was cut in size of 1×1 cm and air dried before the analysis. High Performance Liquid Chromatography (HPLC) analysis was performed using a Perkin Elmer Series 200 chromatographic system equipped with diode array detector. The chromatographic separation was performed on a C-18 (250×4.6 mm) with 5 µm packing and was used as stationary phase.Two solvent mixtures were used (A: 95 % H2O, 5 % acetonitrile, 25 mM ammonium acetate; B: 50 % H2O, 50 % acetonitrile, 25 mM ammonium acetate) with the following conditions: 0-20 min -100 % A; 20-25 min -50 % A and 50 % B; 25-30 min-100 % A; at 1 ml min -1 . The detection wavelength was set at 595 and 254 nm. Chromatographs were obtained for reaction solutions after one hour of electrolysis using graphite PPY-SLS-G anodes. Figure 3 shows SEM image of PPy-SLS-Ti plate. Clusters of PPy with pores of different sizes may be noted. It may be observed that the surface is very rough, which may provide high surface area for reaction. 
Results and discussions
Characterization of PPy coated Ti plate
Electrochemical decolourization of RB5 using Ti and PPy-SLS-Ti anodes
Time course profiles of RB5 decolourization during electrolysis using Ti and PPy-SLS-Ti anodes are depicted in Figure 4 (a). It may be noted that the extent of decolourization at the end of 90 min electrolysis was almost same (51-52 %) for PPy-coated and uncoated Ti anodes. This suggests that PPy coating did not have any appreciable effect on extent of decolourization. The corresponding first order kinetic plots shown in figure 4(b) show that initial rate of decolourization was faster in case of Ti as compared to PPy-SLS-Ti. The initial rapid decolourization in case of Ti may be attributed to direct and indirect oxidation followed by slower oxidation due to formation of protective layer of TiO2 on anode surface. In case of PPy-SLS-Ti, it was observed that after 60 minutes of electrolysis, the PPy layer started getting peeled off from the plate and was found suspended in the solution. 
Electrochemical decolourization of RB5 using graphite and PPy-SLS-G anodes
Electrolysis using graphite as an anode has been extensively studied. Graphite is not only less expensive, but also lasts long as anode. Time course profiles of RB5 decolourization during EO using graphite and PPy-SLS-Graphite anodes are shown in Figure 5(a) . Almost complete decolourization (96.3 %) of RB5 was achieved at the end of 90 min of reaction using graphite anode. This result is quite comparable to the results of similar studies reported in published literature. For example, the decolourization of Acid Brown and Reactive Blue dyes by anodic oxidation in a batch recycle electrochemical reactor using graphite plate as anode and SS plate as cathode was studied by El Astoukhy et al. [12] . Under the optimized condition and with 100 mg L -1 dye concentration, 100 % colour removal and 89 % COD removal was achieved [12] . The decolourization of Acid Orange 7 using graphite plate was reported to achieve more than 90 % efficiency after 80 minutes of electrolysis [9] . On the other hand, RB5 decolourization in case of PPy-SLS-Graphite anode was limited to only 41 % at the end of 90 min. These results clearly indicate that PPy layer suppressed EO of RB5 on graphite anode. Moreover, PPy layer started getting peeled off after 30 minutes of reaction and PPy flakes were seen suspended in the reactor. Figure 5(b) shows that the rate of first order reaction was very rapid in case of graphite anode. A comparison of Figures 4 and 5 shows that the presence of PPy either retarded the rate and/or decreased the extent of decolourization of RB5 irrespective of the support material, i.e. graphite or Ti. Also, graphite as anode is much more efficient than Ti, probably due to formation of oxide layer on Ti which prevents direct and indirect oxidation of RB5 on Ti. Table 2 compiles the results of RB5 decolourization using various anodes in the present study. 
Figure 5. Time course profile (a) and first order kinetic profile (b) of RB5 decolourization using Graphite and PPy-SLS-G anodes (Sample
Mechanism of electrochemical decolourization of RB5 at various anodes
The transformation of a dye in an undivided cell may be due to its direct or indirect oxidation or reduction depending upon the working electrode. On the other hand, in a divided cell, oxidation occurs in anode compartment, simultaneously with reduction in cathode compartment.. It has been reported that all peaks of UV/Vis spectrum of a dye consistently decrease with time without formation of any new peak in case of oxidation in a divided cell. Del Rio et al. [21] studied the electrochemical oxidation and reduction of Reactive Orange 4 (RO4) using Ti/SnO2-Sb-Pt and SS as anode and cathode, respectively, and reported that no new peak was generated during the oxidation of RO4 in the time-dependent UV/Vis spectra. Mendez-Martinez et al. [22] studied the electrochemical reduction and oxidation pathways of RB5 with Ni-PVC composite cathode and Ni wire mesh anode in an undivided cell and found that RB5 spectra reduces with time and no new peaks were formed during the oxidation process. Costa et al. [23] reported decrease in the absorbance values of peaks during the electrochemical oxidation of Acid Black -210 using boron doped diamond electrode as an anode. Similarly, Kariyajjanavar et al. [24] reported consistent decrease in all the peaks and the absence of formation of any new peaks in an undivided cell during the degradation of Novacron Deep Red C-D (NDRCD) and Novacron Orange C-RN (NOCRN) reactive azo dyes from aqueous solution using graphite electrode.
On the other hand, reduction of an azo dye is normally associated with formation of a new peak in UV/Vis spectrum as a result of generation of amine due to cleavage of azo link/s. Del Rio et al. [25] studied the electrochemical reduction of Reactive Orange 4 (RO4) and reported that the decolourization took place via cleavage of azo bonds and a new peak was formed at 246 nm which was identified as 2-amine-1,5-napthalenedisulfonic acid as one of the amines. Vidhu and Phillip [26] studied the catalytic reductive degradation of Methyl Orange by sodium borohydride and biosynthesized silver nanoparticles. The authors reported that during the decolourization, the main chromophoric peak of MO at 465 nm gradually disappears and a new peak emerges at 247 nm.
In our case as seen from figure 6, UV/Vis spectrum of RB5 at t= 0 is represented mainly by two peaks viz. 595 nm and 312 nm. It may be noted from Table 1 that each molecule RB5 consists of H acid (1-amino-8-hydroxynaphthalene-3,6-disulfonic acid) coupled with two molecules of VS (4-aminophenyl sulfonyl-hydroxy ethyl sulfato ester sodium salt) through azo (-N=N) bonds [20] . The peak at 595 nm corresponds to chromophoric group -N=N-and the peak at 312 nm corresponds to naphthalene (H-acid) rings. The dye decolourization, besides occurring at anode surface through direct oxidation, may also occur through indirect oxidation in the presence of NaCl as an electrolyte. The anodic oxidation of chloride ions results in chlorine evolution as shown in equations (2-4). In water, chlorine rapidly disproportionate, yielding hypochloric acid and hypochlorite ion [25] , which can rapidly oxidize organic compounds.
Bulk solution: Cl2 + H2O → HOCl + H + + Cl¯
HOCl⇄H + + OCl¯
As seen from the Figure 6 , it was observed that with graphite as anode, the peaks at 595 and 312 nm decreased consistently with time. Moreover, no new peak emerged except that UV absorption in 200-260 nm range slightly increased probably due to formation and accumulation of less conjugated, partially oxidized intermediates. This observation indicates that oxidation of RB5 was a predominant mechanism responsible for decolourization with graphite as an anode in an undivided cell.
Figure 6. UV-Vis Spectra of RB5 at various time points during electrolysis using graphite anodes
A careful observation of UV-Vis spectra (Figure 7(a) ) of RB5 obtained in a similar manner using PPy-SLS-G anode, shows that while the peak at 595 nm consistently decrease with time, a new peak emerges and increases with time at 254 nm indicating the formation of an amine. Similar phenomenon was also observed when using PPy-SLS-Ti as anode. The chemical reduction of dye takes place producing hydrazo compound in the partial reduction, and aromatic amines in total reduction. Equation 5 shows generation of expected amines during the reduction of RB5. During the reduction it generates two moles of VS and one mole of H-Acid. VS has been shown to accumulate when RB5 is subjected to chemical reduction process such as electrocoagulation with iron sacrificial anode [20] , electroreduction [27] or anaerobic biodegradation [28] [29] [30] . Thus, it is interesting to note that VS is generated during RB5 oxidation in an undivided electrolytic cell with sodium chloride as an electrolyte. These reaction conditions (NaCl as an electrolyte and undivided cell) would otherwise promote oxidation of RB5 as shown in Figure 6 and discussed in the published literature. This suggests that under identical reaction conditions, the presence of PPy coating suppressed oxidation and promoted reduction of RB5 on cathode resulting in generation and accumulation of an amine, VS. (5) Additional evidences to support the above-mentioned hypothesis were obtained using HPLC analysis. Figure 8 shows HPLC chromatographs of pure VS (Figure 8(a) , VS: 50 mg/L, retention time 3.57 min.), reaction solution after 60 min of electrolysis using graphite as anode (Figure 8(b) ), and reaction solution after 60 min of electrolysis using PPy-SLS-G as anode (Figure 8(c) .It may be noted from figure 8b (which represents electrochemical oxidation in an undivided cell in the presence of NaCl as an electrolyte) that the peak at 28.25 min which corresponds to RB5 was completely disappeared; and no new peak/s emerged. A small peak appears at 2.53 min in Figures 8b and 8c which may be an inherent impurity in the RB5 sample. Figure 8c shows that RB5 removal is partial as RB5 peak at 28.25 min exists. It is important to note that a new peak at 3.2 min appears which closely matches with the retention time of 3.57 min of pure VS. Slight difference in the retention times may be due to the difference between pH of the pure VS solution and reaction solution or slight difference in the chemical structures of pure VS and VS generated during electrolysis. It is reported that in reductive systems such as bimetallic [31, 32] , and palladium-hydrogen (Pd-H2) [33] systems, electrons specifically attack electron-withdrawing groups such as C-Cl in chlorinated compounds or -N=N-groups in azo dyes, respectively, resulting in dechlorination and cleavage of azo bonds. Thus, VS, an amine which is a product of reductive cleavage of -N=N-as shown in Equation 5 , generated and accumulated when PPy coated anodes were used. 
Conclusions
 Graphite plate as anode achieved the highest RB5 decolourization of 96.3 % in 90 minutes electrolysis time with a first order reaction rate constant of 0.2161 min -1 . On the other hand, initially higher rate of decolourization slowed down greatly probably due to formation of oxide layer in case of Ti anode.
Intensity, a.u.
 The presence of PPy coating suppressed the rate and extent of RB5 decolourization for both graphite and Ti anodes. Lower decolourization and hence lower oxidation in case of PPy coated plates may be attributed to 1) lesser affinity of RB5 molecules for oxidation on PPy, and/or 2) lesser affinity of chloride ions to get oxidized at PPy and produce oxidative species, or 3) consumption of oxidative chlorine species for oxidation of PPy rather than RB5.  Major peaks at 312 and 595 nm in the UV-Vis spectra present at the beginning of the reaction, decreased consistently with time and no new peaks were generated in case of graphite as an anode. Based on similar observations in published literature it was concluded that direct/indirect oxidation of RB5 may be responsible for the decolourization in a divided cell with NaCl as an electrolyte and bare graphite as anode.  RB5 decolourization using PPy coated graphite was much slower and incomplete as compared to uncoated graphite. Also, a new peak at 254 nm emerged and increased in the UV-Vis spectra during electrolysis. HPLC analysis suggested that the compound having absorbance at 254 nm may be VS which is an amine generated due to reductive cleavage of azo bonds.  It may be concluded that Ppy coating on graphite suppressed direct/indirect oxidation of RB5 on anode in an undivided cell in the presence of NaCl as an electrolyte. The results reported here may be used to fabricate anodes for an undivided cell wherein the oxidation of target compound is to be suppressed and reduction is to be promoted.
